(19) 



J 



(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



EP 1 077 527 A1 



EUROPEAN PATENT APPLICATION 



(43) 


Date of publication: 


(51) Intel 7 : H02P 21/00 




21.02.2001 Bulletin 2001/08 


(21) 


Application number: 99116121.7 




(22) 


Date of filing: 18.08.1999 




(84) 


Designated Contracting States: 


(72). Inventors: 




AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Jiang, Jinsheng, 




MC NL PT SE 


Baumuller NOrnberg Elektr. GmbH 




Designated Extension States: 


90482 Nurnberg (DE) 




AL LT LV MK RO SI 


• Holtz, Joachim 






42119 Wuppertal (DE) 


(71) 


Applicants: 




• 


Holtz, Joachim, Prof. Dr. Ing. 


(74) Representative: Hoffmann, Eckart, Dipl.-lng. 




42119 Wuppertal (DE) 


Patentanwalt, 


• 


Weg Automacao Ltda. 


Bahnhofstrasse 103 




89256-900 Jaragua do Sul, SC (BR) 


82166 Graf elf ing (DE) 



(54) Method of braking a vector controlled induction machine, control device for carrying out the 
method and storage medium 



(57) Disclosed are a method and a control device 
for braking a variable speed vector controlled induction 
machine driven by a PWM inverter, wherein the q-cur- 
rent component and the d-current component of the sta- 
tor current are controlled independently from one anoth- 
er in accordance with a first reference signal (i q *) and a 
second reference signal {i d *) t respectively. For braking, 



high frequency components are superimposed on said 
second reference signal (i d ), and the rms value (i drm ^ 
and the average value {i d BV ) of the thus obtained second 
reference signal are controlled independently from one 
another such that the field requirements are met by 
means the average value and high machine losses are 
produced by means of the rms value. 
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Description 

[0001 ] The present invention relates to the so-called vector or field oriented control of induction machines and, more 
particularly, it relates to a method of braking a vector controlled induction machine. The invention also relates to a 
s control device for carrying out the method and a machine readable storage medium carrying program code for carrying 
out the method. 

[0002] In order to allow the speed of an induction motor to be changed, a polyphase AC supply of variable voltage 
and variable frequency is required, since induction motors operate at a speed substantially corresponding to the supply 
frequency and their flux is determined by the supply voltage. As illustrated in Fig. 1 and known from, e.g., Power 

10 Electronics and Variable Frequency Drives, edited by Bimal K. Bose, IEEE PRESS, 1996, pp. 211 , such an AC supply 
is generally created from a DC source using an electronic DC-to-AC inverter. In the example shown in Fig. 1 the DC 
source is represented by a DC link capacitor 10 which is in turn fed by a three-phase rectifier 12 from a three-phase 
AC source not shown. The reference numeral 16 in Fig. 1 denotes the induction machine represented by its stator 
windings. The DC link capacitor 10 is a relatively large electrolytic capacitor which is inserted to keep the DC-link 

15 voltage u d constant and to provide a path for rapidly changing currents drawn by the inverter 1 4. It is normally preferred 
to use a diode bridge as rectifier 12 because of its low cost. However, a diode bridge is not capable of regenerating 
power to the AC supply. If an AC drive is able to operate in four quadrants, power will be regenerated to the DC link 
when the induction machine works in generating mode. The reversal of power flow will consequently raise the DC link 
voltage above its normal operation value, and steps must be taken to absorb this regenerated power to prevent a 

20 dangerous increase of the DC link voltage. Typically, a switched resistor (not shown) in parallel with the DC link capacitor 
10 is used to absorb this energy. This makes extra power electronics and control electronics necessary, and thus 
increases the cost of the AC drive, and reduces its reliability. 

[0003] To avoid using a switched resistor or any other energy dissipating hardware and, thereby, to reduce the cost, 
it is known to dissipate the regenerated energy in the AC motor and to some extent in the inverter. To facilitate under- 
25 standing of the principle of such methods, it will be discussed at first which kinds of losses exist in an induction motor 
and how these losses can be used to dissipate the regenerated energy. 

[0004] In order to assess the possibilities of dissipating energy in the induction machine, the various losses in the 
machine are first identified. These losses are illustrated in the power flow diagram of Fig. 2. For a 3-phase machine 
the input power is given by 

30 

P e/ec = 3V Vl COS <P < 1 > 



where 

35 

V A is the phase voltage, 
^ is the phase current, and 
coscp is the displacement factor. 

40 [0005] Losses occur both in the stator and in the rotor. The losses in the stator are: 



1 . Copper losses P cu$ in the stator windings which are proportional to the square of the stator current l± 
45 ^s= 3 ^*s < 2 > 



where R s is the ohmic resistance of one phase winding. 

2. Stator core losses Ppe.s, wn ' cn include hysteresis and eddy current losses and depend on the magnitude of the 
stator flux and the stator frequency f s . 

The power that remains after deducting P ct/S and Pp etSt from P e!ec is the air gap power P ag which crosses the 
air gap. A portion of it is dissipated as copper loss in the rotor windings and as core loss and in the rotor core, 
respectively. These losses are: 

3. The copper loss in the rotor windings which is proportional to the square of the rotor current 
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where R r is the ohmic resistance of one phase winding of the rotor. 

5 

4. The rotor core losses P Fer which include hysteresis and eddy current losses and depend on the magnitude of 
the rotor flux and the rotor frequency f r At normal operating condition, the frequency f r of the rotor current is low 
and then these losses can be neglected. 

w [0006] The remaining power is converted into mechanical power. A portion of it is lost as windage and friction losses, 
which losses depend on the rotor speed. The rest is finally the mechanical output power P shafP which js the useful 
output power from the machine. It is assumed here for simplicity that the mechanical inertia of the rotor is contained 
in the mechanically coupled load. The rotor has then zero inertia and the accelerating or decelerating torque are con- 
tributed by the shaft power. 

is [0007] To brake an induction motor to reduce its speed, a braking torque is required to counteract the active torque 
generated by the mechanically coupled load and by the inertia of the drive train. The shaft power P $haft is negative 
during braking. The power flow is shown in Fig. 3. Depending on the sign of slip s, there are two modes of operation. 
The generating mode is shown in Fig. 3(a). The slip is negative (s < 0), which means that both the stator flux and the 
rotor rotate in the same direction, and the flux rotates slower than the rotor. As a result, the air gap power P ag is negative. 

20 Unless the motor operates at very low speed, the air gap power is larger than the stator losses such that the input 
power P e}ec is negative. In this case, all motor losses, and the input power P elec as well, are supplied by the shaft power 

P shaft 

[0008] In the plugging mode, the slip is positive (s > 1 ). The stator flux and the rotor rotate in different directions. Fig. 

3(b) illustrates this situation. The stator losses are exclusively supplied by the inverter and the rotor losses are supplied 
2S both together by the inverter and by the shaft power. 

[0009] In case of s = 1 the stator frequency is zero. This condition characterizes the well known DC braking method. 

[0010] A negative shaft power P shaft is called braking power in the following. At constant mechanical speed o>, the 

developed braking torque is proportional to the shaft power P shaft To make the braking torque as high as possible, 

maximum braking power must be achieved. If there is no energy consumed in the DC link, the braking power can be 
30 mostly absorbed in the motor, and to some extent in the inverter. Hence an efficient braking scheme should aim at 

maximizing the power dissipation in the motor, which maximizes the braking torque. 

[0011] Considering the example of a 10-kW induction motor, the losses typically subdivide as follows: 



Table 1 



36 



stator copper losses 


P Cu,s z 


= 0.6P tota , 


stator core losses 


P Fes = 


0-25 P totat 


rotor copper losses 


P Cur~ 


0-15P tote/ 



[001 2] P to ?a/ are tne to,al |osses of the motor. The rotor core losses can be neglected since the rotor frequency equals 
the slip frequency and hence is very low. Friction and windage losses are also very small if forced ventilation is assumed. 
[0013] It can be seen from the example that most of the motor losses occur in the stator. The rotor losses are small 
in comparison with the stator copper and stator core losses. It should be noted that this observation is generally true 
for any motor of any power rating. 

[0014] The aforementioned DC braking is the method currently preferred in the art for braking an induction motor 
In this method, the stator flux is first controlled to near zero and then a DC voltage is generated by the inverter to 
establish maximum DC current flow in the stator windings. Although the stator current has a maximum value in this 
case, the resulting braking power is very small. The stator flux does not rotate and hence the air gap power is zero. 
The stator copper losses are maximum, but they do not contribute to the braking power as they are supplied by the 
inverter. The stator core losses are zero since the stator frequency is zero. The rotor core losses are negligible since 
the flux is very small. Only the energy dissipated in the rotor resistances is supplied by the shaft power, and hence the 
braking power is low. Referring to the typical machine losses in Table 1 , the rotor copper losses and hence the braking 
power amount to only 15% of the total machine losses. This means that the capability of the motor to dissipate the 
braking power is badly exploited. 

[001 5] Apart from the poor ability to develop braking torque, the method of DC braking exhibits also a poor dynamic 
performance, since the flux can not be abruptly changed. Before the braking torque is developed, a time delay of 
several times the rotor time constant z r elapses during which the flux decays to the required small amplitude. It takes 
the same time delay until the original flux is reestablished when returning to normal operation. 
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[0016] High dynamic performance is achieved using the principle of field oriented control (FO control) also known 
as vector control. Here, the torque producing or quadrature component i q (simply referred to "q-current" hereinafter) 
and the magnetizing or in-phase component i d (simply referred to "d-current" hereinafter) of the stator current are 
dynamically decoupled. Fig. 4 shows a block diagram illustrating the basic structure of an FO control. 20 in Fig. 4 

5 denotes a speed controller, 22 a flux controller, 24, 26 and 50 adders, 28 a current controller, 32 and 34 coordinate 
transform elements, 36 a pulsewidth modulator, 38 a speed sensor and 40 a motor model or observer. 10 is an uncon- 
trolled bridge rectifier, 12 is the DC link capacitor, and 14 the inverter. The induction motor is denoted by 16. 80 is a 
voltage transducer which generates a signal proportional to the DC link voltage u d . The voltage transducer 80 is not 
part of the known FO control scheme but is used in the present invention as will be explained in detail later. 

jo [0017] Since the basic structure and operation of an FO control is well known (see for instance Fig. 3 in A.M. Kham- 
badkone, J. Holtz: Vector-Controlled Induction Motor Drive with a Self-CommissioninQ Scheme, IEEE Trans, on Indus- 
trial Electronics, Vol 38, No. 5, Oct. 91. pp. 322-327) , a detailed description is omitted here. 

[001 8] The motor enters the generating mode when the speed reference co* is lower than the measured motor speed 
co. The field, and consequently the stator core losses, are maintained at nominal values. Since the power regenerated 
is to the DC link is zero, the airgap power equals the stator losses. The q-current and the rotor current are then very 
small. Their contributions to the copper losses can be neglected. It is only the d-current that produces copper losses 
in the stator. The d-current is typically 30% of the nominal stator current. Since the copper losses are proportional to 
the square of the current, the losses at field oriented braking are 

20 P FO = PFes + 0 P Cus = (°- 25 + 005 > P total = 0 3 P total < 4 > 

[0019] This means that the motor dissipates only 30% of its rated losses at field oriented braking. 

[0020] To maximize the stator and rotor copper losses, the stator and rotor currents must be maximum. The maximum 

25 stator core losses occur when the stator flux is maximum and the stator frequency is high. Moreover, all losses must 
be supplied by the shaft power, not by the inverter. Finally, high dynamic torque control must be ensured. 
[0021] It is an objective of the invention to define a method of braking an induction machine so as to achieve highest 
power dissipation in the machine and high dynamics at the same time. Another objective of the invention to provide a 
control device adapted to carry out the method. 

30 [0022] These objectives are achieved with a method as claimed in claim 1 , a control device as claimed in claim 5 
and a storage medium as claimed in claim 13. Preferred embodiments of the invention are subject-matter of the de- 
pendent claims. 

[0023] To ensure the required dynamic performance, the present invention is based on and improves the field oriented 
control. Thus, the method and device according to the invention are applicable to variable speed AC FO control drives 
35 and achieve both at the same time: a maximum braking ability and a very high dynamic performance. 

[0024] Further details, features and advantages of the invention will be explained below with reference to preferred 
embodiments in conjunction with the accompanying drawings, in which: 



40 



Fig. 1 is a schematic diagram of a variable speed AC drive, 

Fig. 2 illustrates the power flow in an induction machine in motoring mode, 

Fig. 3 illustrates the power flow in an induction machine in (a) generating mode and (b) plugging mode, 

46 Fig. 4 is a schematic block diagram illustrating the FO control scheme, 

Fig. 5 is a dynamic model of the induction motor, 

Fig. 6 is a block diagram of a control device according to a preferred embodiment the present invention, and 

Fig. 7 shows characteristic signals in the motoring mode and the braking mode, respectively, 



so 



[0025] Throughout the Figures like elements are denoted with like reference signs. 

[0026] To ensure the required dynamic performance, the machine is operated at field oriented control. The electro- 
ns magnetic torque 
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[0027] is then proportional to the rotor flux linkage y r and the q-current k r = yi r is the coupling factor of the rotor, 
i h being the mutual inductance between stator and rotor windings and / r the inductance of the rotor winding. The rotor 
flux linkage y r is defined by the differential equation 



where x r = !/r r is the rotor time constant. Equations (5) and (6) are visualized in the signal flow graph shown in Fig. 5 
(see for instance J. Holtz: Methods for Speed Sensortess Control of AC Drives, in K. Raiashekara (Edito r) "Sensorless 
Control of AC Motors", IEEE Press Book, 1996 ). 
is [0028] To maximize the stator copper losses given by equation (2), the rms value of the stator current 



should be maximum. There are, however, constraints on both the d-current / d and the q-current i q on the right-hand 
side of equation (7): 

25 

1. The d-current i d is limited to about 30% of the nominal stator current in the base speed range, and to lower 
values at field weakening. 

2. The q-current i q determines the torque according to equation (5). Hence i q is limited to low values in the braking 
30 mode since the braking power must not exceed the machine losses which are low as compared with the power 

rating of the machine. 

[0029] According to the invention, high-frequency components are superimposed on the d-current i d . This results in 
rapid changes of the magneto-motoric force (mmf) in the stator, which induce similar changes of the rotor mmf. As a 

35 consequence, the rms values of the stator current and the rotor current increase, thus increasing the copper losses in 
the stator and in the rotor. Also the core losses increase due to the high-frequency leakage fields. Varying the magnitude 
of the injected high-frequency /^components permits controlling the additional losses. The total machine losses can 
be made at least as high as the total nominal machine losses P total . They can be further increased if the inverter is 
capable of delivering more than the rated machine current. In addition, the losses of the inverter are supplied by the 

40 machine and hence contribute to the braking power. 

[0030] The injected high-frequency components do not have adverse effects on the machine performance. Fig. 5 
shows that the large rotor time constant attenuates the high-frequency /^urrent components and hence almost elim- 
inates their influence on the electromagnetic torque. 

[0031] Fig. 6 shows a signal flow diagram of an embodiment of the present invention. In the illustrated control structure 
45 the average value and the rms value i drms oi the d-current i d are independently controlled. The rotor flux controller 
22 determines the average value i dev of the d-current reference i d . A loss controller 56 is provided to generate the 
signal i drms which represents the required rms value of i d *. This signal is obtained as the output of a iimiter 58 and can 
only assume positive values. The output signal of the control structure Fig. 6 is the stator current reference vector i*. 
This reference vector replaces the signal / s * in the conventional control scheme Fig. 4 to enable control both in the 
50 motoring mode and in the braking mode. The remaining parts of the control device according to this embodiment may 
be identical to the elements 10, 12, 14. 16, 36 and 55 in Fig. 4 and are not shown, therefore, in Fig. 6. 
[0032] Positive speed will be assumed throughout this discussion for simplicity. The torque is then positive in the 
motoring mode, and negative during regeneration and braking. If the motor runs at negative speed, the sign of the 
torque is negative in the motoring mode, and positive during regeneration and braking. Also the signs of the q-current 
55 i q , and of some particular control signals reverse when the speed reverses. Operation at negative speed will not be 
discussed for simplicity. State-oMhe art knowledge permits deriving the respective operating conditions of the braking 
control scheme if the speed reverses. 
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[0033] The motoring mode is considered first. The wavelorms shown in the time interval A in Fig. 7 illustrate this 
operation. The flux controller 22 generates the signal i dav which represents the average value of the d-current \ & It will 
be shown in the following that this signal determines the d-current reference i d * in the motoring mode. Owing to the 
high dynamic performance of the FO control, the signals lco*l and Icol in Fig. 6 are almost equal. The signal 60 which 

5 originates in the loss controller 56 is then very low and positive, or assumes zero value, as negative values are sup- 
pressed by the limiter 58. Limiter 58 has a transfer function y=1(x) of y = 0 for x > 0, y = -xfor 0 £ x > x max and y = x^ 
for x < x max . The magnitude of signal 60 in the motoring mode is marked as i mot in the upper portion of Fig. 7. Since 
imot< 'da* the difference i mot - i dav a\ the output of adder 61 is negative which makes the output of limiter 62 zero, 
whose transfer function y=f(x) is: y = 0 for x < 0 and y=xfor x > 0. 

io [0034] The oscillator 64 generates a triangular oscillation of unity amplitude. The frequency f c of this carrier wave is 
set to f c > 1/T r where x r is the rotor time constant of the machine. A typical value is f c = 20 Hz. The output of multiplier 
66 is a triangular wave of amplitude i mot < i dav . This makes the output of adder 68 positive and the output of comparator 
70 unity. The output of multiplier 72 defines the d-current reference i d . We have i d = i dav since the output of limiter. 
62 is zero. 

is [0035] The operation in the motoring mode corresponds to normal FO control. The reference value i q of the quad- 
rature current is determined by the speed controller 20 through the limiter 90. Hence, in the FO mode, the q-current 
reference i q is subjected to the symmetrical bounds ±i qmax motoring mode, to avoid overloading the inverter. While 
the positive /^-current bound i qmax is constant, the negative bound is variable as commanded by a control signal 88, 
which is in turn governed by a voltage controller 84 through an inverting element 86 multiplying the output signal of 

20 voltage controller 84 with -1. An adder 82 receives at one input terminal a voltage reference u dmax set to about 1.2 
u dR , where u dR is the nominal value of the DC link voltage in the motoring mode. A signal representing the DC link 
voltage u d is obtained from the voltage transducer 80 in Fig. 4 and applied to a second input terminal of the adder 82 
so as to be subtracted from u dmajc The output signal of the adder 82 feeds the voltage controller 84. We have u d = 
u dR < u dmax in the motoring mode. The output signal of the voltage controller 84 turns positive and gets limited to an 

25 upper bound i q max by a limiter 85. Owing to the inverting element 86, the input signal 88 to the limiter 90 is then -i qmax 
Consequently, the q-current reference i q as obtained from the speed controller 20 is limited to -i q max . 
[0036] At moderate braking, the required braking power is less than the maximum power dissipation of both the 
machine and the inverter. Moderate braking is referred to as braking mode I. Control in this mode is explained with 
reference to the waveforms of time interval B in Fig. 7. A braking torque is required if lco*l < Icol. Hence lco*l - Icol is used 

30 as the input to the loss controller 56. This determines the rms value i drms of the d-current which serves to control the 
copper losses of the machine. As an example, a value i drms that ranges in the moderate braking mode I is denoted as 
krake in Fi 9 7 - Tne condition i drms = i brake > i dav indicates that braking power must be dissipated. In Fig. 6, the amplitude 
of the carrier signal at the output of multiplier 66 equals i drms . Since i drms > i dav , the adder 68 and the comparator 70 
operate now as a pulsewidth modulator. The duty cycle of the modulation is 



35 



40 



2 



^ *drms ) 



(8) 



[0037] To achieve independent control of i drms and i dgv , a modulation of the pulse width and the pulse amplitude is 
required. The modulation is devised such that it controls the rms value of a square wave while maintaining its average 
value unaffected. To this end, the pulse sequence generated by the adder 68 and the comparator 70 is subsequently 

45 scaled in magnitude by the multiplier 72. The scaling factor 64 is determined as follows: The limiter 62 receives a 
positive input signal and consequently outputs the value i drms - i dev through its unity gain characteristic. To this value 
is the signal ^ av then added by adder 63, from which the signal i drms results as the scaling factor 64. The resulting 
reference signal // during time interval B is a pulsewidth modulated square wave as shown in the lower portion of Fig. 
7 in time interval B. The amplitude of this square wave and hence its rms value equals i dfms . The average value is 

so given by 

55 [0038] Inserting the duty cycle from equation (8) into equation (9) yields!/ = i dav Hence the modulated reference 
waveform i d (t) is controlled to assume the average value i dasr 

[0039] In braking mode I, the shaft input power is converted to electrical power which is dissipated both in the machine 
and in the inverter to balance the required braking power. The machine is operated at nominal field in the base speed 



6 



EP 1 077 527 A1 



range Operation above base speed requires field weakening to maintain the stator current controllable. This way the 
field is always held at its maximum possible value so as to maximize the stator core losses. The copper losses in the 
stator and the rotor are adjusted by the loss controller 56 such that the required braking power gets fully absorbed. 
The loss controller determines the rms value of the stator currents. However, both the average value i dav of the d- 

5 current and the q-current L must not be influenced by the loss controller: i dav is governed by the flux controller 22 to 
satisfy the field requirement, while i is adjusted by the speed controller 20 to satisfy the torque requirement. While 
leaving these settings unaffected, the loss controller 56 generates a high-frequency d-current component that deter- 
mines the required rms value of the stator currents. Although being a component of the d<urrent, the high-frequency 
current does not influence the field. 

10 [0040] Accordingly, the braking control scheme is devised for an independent adjustment of three different currents: 
the average d-current i dav , the rms d-current i drms , and the q-current i q However, an additional constraint exists when 
the braking power increases such that the current limit of the inverter is reached. This condition defines braking mode 
II In this mode, the machine and inverter losses are maximum and the braking power must not be further increased. 
Hence the losses as commanded by the loss controller 56 must be limited so as to limit the inverter current. This 

is purpose is served by the limiter 58. In braking mode II, the limit value i max determines the amplitude of the pulsew.dth 
modulated square wave // at the output of multiplier 72. The inverter current is then also limited to about i maj0 since 
the q-current / does not contribute much to the rms stator current in braking mode II. It is small as compared with the 
maximum current i majc and, moreover, it is in quadrature to the square wave current reference i d \ Hence its contribution 
to the stator current amplitude is negligible. 

20 [0041] The waveform of i d * in braking mode II is shown in Fig. 7, time interval C. Although the rms value is larger 
than that in time interval B (braking mode I), the respective average values of i d * in time interval B and in time interval 
C are adjusted to assume the same value i dav . It can be observed in Fig. 7 that this is done by adjusting the duty cycle 
of the pulsewidth modulator. 

[0042] The aforementioned conditions ensure that both the machine and the inverter produce their maximum losses. 
25 The total losses determine the permitted braking power, which is now adjusted through the machine torque, and hence 
through i q \ The braking power is regenerated into the DC link. However, the important condition is that the DC link 
voltage is maintained below its upper limit u dmaJC 

[0043] In braking mode I, the output of the voltage controller 84 is driven towards its positive maximum, and the 
inverse signal 88 towards its negative maximum. The adjustable bound in the left half-plane of limiter 90 is then main- 

30 tained at the fixed limit value -L max . The reason is that the delivered braking power can be fully absorbed by the system 
losses and the DC link voltage assumes its nominal value u dR When entering braking mode II, the loss controller 
output gets limited by limiter 58. Since the system losses cannot increase, the excess of the regenerated braking power 
accumulates in the DC link capacitor 1 2. The DC link voltage increases. The voltage controller 84 counteracts as soon 
as the DC link voltage u d increases beyond the voltage reference u dma)C The voltage controller output then decreases 

35 from its positive value, and the adjustable bound of limiter 90 increases from its negative value. Note that i q is also 
negative during braking. Due to the adjustable bound of limiter 90, the q-current reference derived from the speed 
controller 20 is deactivated, and replaced by the q-current reference from voltage controller 84. The resulting the q- 
current reference i* is then lower in magnitude which makes the braking torque reduce. The voltage controller adjusts 
the braking torque such that the voltage error u dmax - u dR is minimum, thereby limiting the braking power to equal the 

40 maximum achievable power dissipation of the system. 

[0044] It should be noted that the machine field to which the FO control refers can be either the stator field, as 
described for instance by the stator flux linkage, or the rotor field, described by the rotor flux linkage. As regards the 
present invention, it is of no significance which of the two alternatives is applied in a particular application, and it is 
only for simplicity, that reference has been made above only to a control system that uses the principle of rotor field 

45 orientation, in which the rotor flux linkage ^determines the q-current component and the d-current component. It has 
little impact if the stator flux linkage is used instead to determine the respective current components. 
[0045] The exemplary FO-control scheme illustrated in Fig. 4 employs a speed sensor. It is to be noted that the 
present invention is likewise and without change applicable to speed sensorless controls also well known in the art. 
[0046] It is common to implement the functional blocks required for the FO control and illustrated in Fig. 4 by means 

so of a program controlled microprocessor. As will be appreciated by those skilled in the art, a control device in accordance 
with the present invention can likewise be, and preferably is, implemented by means of such program controlled mi- 
croprocessor. In fact, by providing a machine readable storage medium carrying the required program and loading that 
program into existing FO control drives, such existing drives easily be made to perform a control in accordance with 
the invention. 
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Claims 

1. A method of braking a variable speed vector controlled induction machine driven by a PWM inverter (14, 36), 
wherein the q-current component and the d-current component of the stator current are controlled independently 
5 from one another in accordance with a first reference signal (/ Q *) and a second reference signal (//), respectively, 

characterized by 

(a) measuring or estimating the actual rotor speed (co) of the induction machine (16), 

(b) obtaining a flux value (4V) representing an estimation of either the actual stator flux or the actual rotor flux, 
to ( C ) detecting the necessity of a braking torque if the actual rotor speed (co) is higherthan a reference speed (co*), 

(d) superimposing, in response to the detection in step (c), high frequency components on said second refer- 
ence signal (//), and 

(e) controlling the rms value {i drms ) of said second reference signal obtained from step (d) in accordance with 
the difference between the absolute value of said reference speed (co*) and that of the speed obtained in step 

is (a), while 

(f) controlling the average value {i dav ) of said second reference signal obtained from step (d) independently 
from step (e) in accordance with the difference between a reference flux (\jr r *) and the flux value (¥,) obtained 
in step (b). 

20 2. The method of claim 1 , wherein step (e) comprises limiting said rms value to a predetermined maximum (i max ) as 
determined by the current limit of the PWM inverter (14). 

3. The method of claim 1 or 2, wherein step (d) comprises generating a square wave carrier signal of a period smaller 
than the rotor time constant (x r ), and steps (e) and (f) comprise modulating the pulse width and pulse amplitude 
25 of said carrier signal such that the amplitude becomes i drms and the duty ratio d becomes 



30 




wherein i dav represents the average value and i drms represents the rms value of the said modulated carrier signal. 

4. The method of any one of the preceding claims, further comprising: 

35 (g) controlling said first reference signal (/<,*) in such a way that the DC voltage (u d ) at the DC side of said 

PWM inverter (14, 36) does not exceed a predetermined maximum voltage (u dmax ). 

5. A control device for carrying out the method as defined in claim 1 , comprising: 



40 rectifier means (12), 

a DC link capacitor (10) connected to the DC side of said rectifier means (12), 

a PWM inverter (14, 36) connected between said DC link capacitor (10) and said induction machine (16), 
control means (55) for controlling said PWM inverter (14, 36), said control means having a first input terminal 
for receiving a first reference signal (/<,*) for the q-current component of the stator current, and a second input 
45 terminal for receiving a second reference signal (//) for the d-current component of the stator current, 

means (38) for obtaining a first signal (co) representing the actual rotor speed of the induction machine (16) or 
an estimation thereof, 

an observer for obtaining a second signal (y r ) representing an estimation of either the actual stator flux or the 
actual rotor flux of the induction machine (16), 
so a speed controller (20) for generating said first reference signal (i q *) in response to the difference between a 

reference speed (co*) and said first signal, and 

a flux controller (22) for generating a third reference signal {l dgv ) in response to the difference between a 
reference flux (y/) and said second signal (y r ), 

55 characterized by 

means for detecting the necessity of a braking torque if the actual rotor speed (co) is higher than a reference 
speed (co*), 



8 



EP 1 077 527 A1 



a loss controller (56) receiving the difference between the absolute value of said reference speed (co*) and 
that of said first signal (co) for generating a fourth reference signal {i drm ^^ and 

signal generating means responsive to said detecting means for generating said second reference signal (//) 
including high frequency components, and having its rms value {i drms ) controlled in accordance with said fourth 
reference signal, and its average value (i dav ) independently controlled in accordance with said third reference 
signal. 

6. The device of claim 5, wherein said signal generating means comprises: 

a pulse width and pulse amplitude modulator (64, 66, 68, 70, 72) responsive to said third and fourth reference 
signals for generating a square wave carrier signal having a period smaller than the rotor time constant (x,) 
and being pulse width modulated to have a duty ratio d of 



wherein i dav represents said third reference signal and i drms represents fourth reference signal, such that the 
average value of the pulse width modulated carrier signal corresponds to said third reference signal and its 
rms value to said fourth reference signal, and 

switching means responsive to said reference speed (co*) and said first signal (co) for providing, as said second 
reference signal (i d ), either said modulated carrier signal or said third reference signal {i dav ), said modulated 
carrier signal being provided when the absolute value of said reference speed (co*) is lower than that of said 
first signal (co), while, otherwise, said third reference signal {i dav ) is provided. 

7. The device of claim 6, further comprising a first limiter (58) for limiting the magnitude of said fourth reference signal 
to a predetermined maximum {i max ) as determined by the current limit of the PWM inverter (14). 

8. The device of claim 6 or 7, further comprising: 

a second limiter (90) for limiting said first reference signal {i q *) output from said speed controller (24) to a 
positive and a negative limit value, said second limiter being responsive to a control signal for adjusting said 
negative limit value in accordance with said control signal, and 

a voltage controller (84) receiving a reference voltage {u dmax ) representing the maximum allowable value of 
the DC link voltage across said DC link capacitor (10) and the actual value (u d ) of the DC link voltage, and 
generating said control signal such that negative values said first reference signal are limited by said second 
limiter (90) such that the actual value of the DC link voltage (u d ) never exceeds said reference voltage (u dmax ). 

9. The device of claim 8, further comprising a third limiter for limiting said control signal to a predetermined maximum 



10. The device of any one claims 6 to 9, wherein said pulse width modulator comprises: 

an oscillator (64) for generating a triangular signal (u A ) of said predetermined frequency, 

first multiplying means (66) for multiplying said triangular signal with said fourth reference signal (i drm$ ) thereby 

generating a modulated triangular signal, 

a first adder (68) for adding said third reference signal to the output signal of said first multiplying means (66), 
a comparator (70) receiving the output signal of said first adder (68) and outputting a positive signal of unity 
magnitude in response to a positive input signal, and a negative signal of unity magnitude in response to a 
negative input signal, and 

second multiplying means (72) for multiplying the output signal from said comparator (70) with said fourth 
reference signal. 

11. The device of claim 10, wherein said switching means comprises: 

a first limiter (58) receiving said fourth reference signal and having a transfer function y = f(x), 



= - 
2 




'q max J 



r) 
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y = 0 for x > 0, 
y = -x for0>x>x max 

o 

y = X max torX ^ X m ax 

10 wherein x max represents a predetermined maximum (/„„„) of said fourth reference signal as determined by 

the current limit of the PWM inverter (14), 

said first multiplying means (66), multiplying the output signal of said first limiter (56) with said triangular signal 

a second adder (61 ) for obtaining the difference between the output signal of said first limiter (58) and said 
is third reference signal (i d av ), 

a fourth limiter (62) receiving the output signal from said second adder (61 ), said fourth limiter having a transfer 
function y = f(x) 



20 



y = 0 for x < 0 

y = x, 

25 otherwise, and 

a third adder (63) for adding said third reference signal {i dav ) to the output signal of the third limiter (62), the 
output signal of the third adder being applied to said second multiplier means (72) to be multiplied with the 
output signal of said comparator (70). 

30 12. The device of any one of claims 6 to 11 , wherein said controllers (20, 22, 56, 84), pulse width and pulse amplitude 
modulator (64, 66, 68, 70, 72) and switching means (58, 61, 62, 63, 66, 68, 72) are implemented as a program 
controlled microprocessor. 

13. A machine readable storage medium carrying program code which when executed in a device according to claim 
3S 11 carries out a method according to any one of claims 1 to 4. 
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